We report the development and detailed calibration of a multiphoton fluorescence lifetime imaging system (FLIM) using a streak camera. 
Introduction
Quantitative live cell imaging is very useful for identifying the various cellular constituents involved in biological phenomena and for probing the molecular interactions among these players. For the study of cell component interactions (i.e. protein-protein interactions), a critical requirement is the ability to visualize living cells with high spatial and temporal resolution. 1, 2, 3, 4 In recent years, for imaging nanometer-scale interactions in cells, the technique of Fluorescence Resonance Energy Transfer (FRET) microscopy has been developed. 5, 6, 7 The essential requirement for FRET is that there exists a pair of fluorophores (donor and acceptor)
between which there is non-radiative transfer of energy when they are in close proximity (~ 1-10 nm). In addition to the separation distance between the donor and acceptor, the efficiency of energy transfer is determined by the angular orientation of the fluorophores in space, overlap between the donor emission and acceptor excitation spectra and the quantum yield of the donor in the absence of acceptor.
Technically, FRET can be monitored by one of the many methods such as sensitized emission, acceptor photobleaching, concentration-dependent depolarization etc. However, since all of these methods rely on intensity-based measurements, they suffer from the need to use optical filters for spectral separation of donor and acceptor excitation and emission and can suffer from problems of spectral cross-talk. 8 This problem, along with the difficulty of regulating the relative concentration of the donor and acceptor fluorophores which in turn affects the efficiency of energy transfer, can complicate the measurement of cell component interactions using FRET.
3 of information in the cellular imaging context. 9, 10, 11, 12 This becomes particularly advantageous in situations where the imaged fluorescent proteins are spectrally similar. FLIM methods are insensitive to the spectroscopic details of the fluorophore yet can still provide distinct lifetimes characteristic of the individual fluorophores attached to each protein (e.g. donor and acceptor).
A variety of FLIM methods have been developed in the past decade for measuring various intracellular parameters by monitoring changes in fluorescence excited state lifetime.
These have been broadly classified into two major methods: time domain and frequency domain FLIM. The former method relies on measuring the fluorescence intensity decay (~ ns timescales)
of the fluorophore when it is excited by a pulsed light source, whereas the latter methods depend on lifetime calculations obtained from the measured changes in amplitude and phase of sinusoidally modulated light before and after passing through the specimen. For a detailed discussion of these methods and a comparative survey of relative merits/demerits of these methods, the reader is referred to earlier review articles. 9, 10, 11 Despite the availability of current FLIM methods for cell biological applications, a continual requirement that has pervaded this field is to achieve high spatial and temporal resolution in live cell applications. Conventional time-domain FLIM methods such as multigate detection, single photon counting etc., have a typical temporal resolution of a few hundred ps -a limitation imposed primarily by the detectors used in these systems. Some authors improve the accuracy of the data using algorithms after the data collection but this requires certain assumptions about the behavior of the fluorophores inside the cell and may not be accurate. 13 With the advent of multiphoton microscopy, it is now known that combining multiphoton excitation (near infra red: 800-1000 nm) with fluorescence lifetime imaging can yield a high degree of spatio-temporal resolution with some added advantages. 14 These include an increase in spatial resolution as compared to wide-field single photon excitation, deep-tissue imaging, a decrease in photodamage, substantial reduction in spectroscopic cross-talk and better reliability in the information content obtained. Despite these advantages, multiphoton FLIM has not been prominently used in biomedical research as is evidenced by the limited number of literature reports.
We present here the development of a new FLIM system that: (i) improves the temporal resolution of the current FLIM systems without sacrificing spatial resolution and without the need of application of post-data acquisition numerical methods, and (ii) minimizes photobleaching of the sample (which improves the reliability of calculated lifetime values) in real-time measurements. The present system combines multiphoton fluorescence imaging and streakcamera based fluorescence lifetime imaging microscopy (Streak-FLIM). Although streak cameras have been used in studies of semiconductor phenomena and picosecond spectroscopy, they have not yet been employed for FLIM in biomedical applications. 15, 16, 17 In this context, the present multiphoton-Streak-FLIM system is unique and versatile, achieving excellent spatiotemporal resolution and to the best of our knowledge, is the first of its kind developed for biomedical applications.
II. Principle of Streak Imaging
A fluorescent molecule in an excited state releases its energy as fluorescence emission during its de-excitation to the ground state. This decay of fluorescence intensity of a fluorophore in the excited state can be represented mathematically by a single exponential function:
where I(t) is the measured intensity, I o is the intensity at time t=0 and τ is the fluorescence lifetime, characteristic of the molecule. From the above equation, τ is defined as the time it takes for the initial intensity (I o ) to decay to 1/e (37%) of its initial value. The above expression has to be modified for multi-exponential fluorescence decays of the fluorophore. resulting streak image has space as the x-axis and time as the y-axis (Fig.1) . When a synchronous y-scanning (G2) is carried out on the region of interest, the above streak imaging process gives a complete stack of (x,t) streak images. This stack contains the complete information of optical intensity as well as the spatial and temporal information from the optical image. Numerical processing of all these streak images ( i.e the exponential decay profiles at every pixel of the raw streak image) gives the final FLIM image. Every pixel in the FLIM image now contains the lifetime information (in contrast to intensity information in optical image). In this way, complete information on fluorescence decays is obtained on a per-pixel basis.
III. Experimental Setup
A functional layout of the Multiphoton Streak-FLIM system is given in Figure 2A . A more detailed optical path and data acquisition schematic is presented in Figure 2B .
A. Pulsed Laser excitation
The laser system (Model Mira 900, Coherent Inc.) consists of a Titanium: Sapphire gain medium, providing mode-locked ultrafast femtosecond pulses with a fundamental frequency of 76 MHz. The tunability between 700 and 1000 nm allows a wide range of fluorophores to be studied by means of multiphoton excitation. All the measurements reported in this work were carried out at 860 nm. Crucial elements in FLIM measurements are the width of the excitation pulses and the stability of the mode-locked excitation pulse during the course of the experiment.
The mode-locked pulses from the laser (width ~ 200 femtoseconds) were found to be very stable during the duration of the measurements. Current limitations of the triggering unit (sweep rates)
in the streakscope require operating with repetition rates lower than the fundamental Mira output.
The optimum repetition rate of the sweep circuit of the current streak system is 1 MHz. To accomplish the lower repetition rates required for Streak FLIM imaging, we employed a pulsepicker (Model 9200, Coherent Inc.) which uses the input signal from the Mira's fast photodiode output to produce variable repetition rates ranging from 146 kHz to 4.75 MHz. The pulsepicker employs a high-speed acousto-optic modulator (Tellurium Dioxide crystal) to extract a single pulse from the input Mira pulse train. It derives its synchronization signal from the 76
MHz photodiode output of the Mira laser. Besides satisfying the requirements of the triggering unit, the pulsepicker serves another important purpose. By reducing the repetition rate and thereby decreasing the number of excitation pulses, the specimen is not exposed to unwanted excitation pulses and hence is protected from undue photobleaching. As will be seen in the next section, the two photon excitation probability is very well regulated by the pulsepicker. In optimum laser operation conditions, the output pulses of the pulsepicker have a repetition rate of 1 MHz and power typically around 15 mW. Care was taken to ensure precise optical alignment of laser and pulsepicker and of the FLIM optics.
B. Multiphoton and FLIM optics
Beam steering optics cause negligible absorption/distortion of the laser beam. The laser output power (~1.75 W at 860 nm) cannot be used as such for biological imaging and has to be decreased substantially for experiments using living cells. It is pertinent to mention here that the pulsepicker is preferred to a simple neutral density filter to attenuate power in the context of multiphoton imaging. This can be understood by considering the following equation for the number of photons absorbed per fluorophore per excitation pulse:
where p o is the average laser power, δ is the fluorophore's two-photon absorption cross-section at wavelength λ, τ p is the pulse duration (~200 fs), f p is the laser repetition rate, NA is the numerical aperture of the focusing objective, h is the Planck's constant and c is the velocity of light. 4 As can be seen from the above equation, for a constant pulse duration, the two-photon excitation probability increases by either increasing the average laser power or by deceasing the laser repetition rate. A neutral density filter attenuates the laser power regardless of the repetition rate and thereby decreases the two-photon excitation probability according to Equation 2. On the other hand, a pulse picker can increase the two -photon excitation probability by decreasing the laser repetition rate while keeping the average laser power the same. This justifies the use of pulsepicker instead of a neutral density filter in both the multiphoton and FLIM paths in the present system for optimizing laser power at the sample. Regardless of the method adopted to optimize the effective laser power at the sample, it is important to minimize the photobleaching and other photodamage to the sample by laser excitation. It is known that longer wavelength excitation (as in two-photon excitation) considerably reduces photodamage to cells and also cellular autofluorescence since absorption of cellular proteins in this wavelength range is less than that in the near UV region. The operating repetition rates for the multiphoton path can be varied up to 4 MHz depending on the excitation power requirements. In the FLIM optical path, the output of the pulse picker (typically 1 MHz) passes through a beam expander (3X) to achieve a large numerical aperture at the back focal plane of the microscope objective.
The entire optical alignment of the FLIM elements is done with respect to the optical axis of microscope objective ( Figure 2B ). The horizontal galvo mirror (G1) is the beam scanner used to scan the laser spot in the horizontal direction (x-axis) and is enabled by a triangular wave from a pulse generator (Hewlett Packard 8112A). The scanning length can be varied by varying the peak-to-peak voltage amplitude of the triangular wave. A raster scanning mechanism is employed for both the x and y axes (G1 and G2) and their linearity performance characteristics will be discussed in later sections. A focusing relay lens (L1) positioned next to G1 facilitates sharp focus of this scanned beam onto the dichroic D1. Dichroic D1 is a short-pass filter with a cut-off at 750 nm. Light reflected from D1 falls on the vertical galvo mirror (G2) which is responsible for y-scanning in the streak image. The fluorescence emission from the microscope is collected by G2 and transmitted through D1 for detection by the streakscope ( Figure 2B ). The imaging lens prior to the streakscope photocathode critically influences collection efficiency. It is therefore very important to precisely align the imaging lens with bright fluorescent specimens as part of system calibration.
C. Microscope
The left port of an Olympus IX70 microscope was assigned for the multiphoton path while the Streak FLIM path was assigned the right port of the microscope (Figure 2A ).
Conventional fluorescence microscopy can be performed with an arc lamp at the rear port. Laser scanning/descanning is effected in a FluoView (Olympus) scan module modified for multiphoton imaging. A specially designed 63X (1.2 N.A, IR) water immersion objective was used for all the measurements reported in this paper. As can be seen from Equation 2, the high numerical aperture provides for spatial confinement of the excitation power in a small focal volume thereby increasing the two-photon excitation probability. Experiments were done with cover glasses (thickness of 0.17 mm) and specimens were either solutions sandwiched between two cover slips or fixed cellular specimens mounted on standard microscope slides.
D. Detection System
A standard head-on photomultiplier tube was used for detection of fluorescence emission in the multi-photon path and a microchannel plate was used in the Streak-FLIM path. The Streakscope (C4334,Hamamatsu,) used in the present system has a temporal resolution ~50 ps and has a photocathode dark current three orders of magnitude smaller than that in the photomultiplier tubes used in SPC systems, thus offering a high signal-to-noise ratio (SNR) for measuring even weak fluorescence signals. The electrical output of MCP is converted to an optical output (streak image) on the phosphor screen. This image is then read out by a fast CCD camera (ARGUS/HiSCA,Hamamatsu,) which is fiber-optically coupled to the streakscope and then undergoes analog-to-digital conversion. An important feature of this camera is that it employs a CCD which offers exceptionally high-speed and high sensitivity detection. A maximum sampling rate of ~ 500 frames/sec can be achieved with this camera for single wavelength fluorescence measurements which is more than ten times higher than the normal video rate. This feature makes the present system unique for rapid data acquisition with a better SNR than expected from conventional CCD cameras. Faster frame acquisition can be achieved by binning the pixels at the expense of loss of spatial/temporal resolution; thus a balance between the speed of the data acquisition and required resolution has to be determined in every measurement. This relationship can also vary between samples depending on the strength of their fluorescence signals. The camera's maximum number of effective pixels is 658 x 494 in the unbinned condition; a maximum of 32 x 32 binning (in both space and time axes of the streak image) can be achieved. The system can be operated in two scanning modes: slow scan with a better linearity (12 bits) or fast scan (10bits). The multi-photon data acquisition is automated through FluoView (Olympus) software. The FLIM data acquisition is automated through AquaCosmos software (Hamamatsu). This involves numerical processing of the raw streak images on a per pixel basis and conversion into a FLIM image corresponding to the optical image of the specimen. The factors affecting the FLIM calculations will be discussed in the next section.
IV. Instrument Performance
Primary requirements from a robust lifetime measurement system are: accuracy, wide dynamic range, high sensitivity and reproducibility. We carried out many measurements in the Streak-FLIM system to validate the above requirements.
A. System calibration
Standard solutions of various fluorescent dyes were used for calibration of the system and for optimizing relevant parameters for a typical measurement. Rhodamine 6G and Rose Bengal solutions were prepared in different solvents as detailed in Table 1 . These dyes are reported to have mono-exponential fluorescent decays and therefore display a single lifetime. 18 The choice of standard dyes we employed also allowed calibration of the system for measurement of lifetime values ranging from a few hundred picoseconds to a few nanoseconds. Figure 3 scan is typically 2 ms; to achieve good SNR, this signal can be integrated over a defined time period determined by the user. For scanning an area of ~ 40 µm (~ 300 slit lines scanned in the y direction) from a reasonably bright specimen (giving a signal well below the saturation threshold of the MCP output), it is therefore possible to achieve an average data acquisition time of less than a second when employing 32x32 binning. This rapid data acquisition capability provides great advantage in imaging biological specimens where prolonged exposure to incident light usually causes irreversible photobleaching, phototoxicity and photodamage. However, as long as the specimen does not suffer from photobleaching, it is always preferable to integrate the signal over a longer period of time to achieve good SNR. This fact is illustrated in Figure 5 One potential artifact that can affect the accuracy of lifetime determination in a streak image is the presence of a large number of saturating pixels, which would lead to the calculated lifetimes being higher than the real lifetime values. Care was taken to analyze the exponential decays in different frames (i.e. x-y scans) and the images with exponential decay artifacts (those shifted to right because of saturated pixels) were discarded. Another way to increase AISF is to perform binning on the camera itself although this will be at the expense of spatial/temporal resolution. By binning only along the time-axis, a reasonable compromise can be achieved between spatial and temporal resolution.
The raw streak images were numerically processed by AquaCosmos (Hamamatsu) software and the lifetime calculations were done in one of two modes: linear interpolation (low precision mode) or exponential interpolation (higher precision mode). In the former approach, the lifetime value is taken to be the difference between two time points, the maximum intensity 
B. Biological applications
To demonstrate the applicability of the Streak-FLIM approach to cellular specimens, we chose to image a slide of mixed pollen grains. As can be seen from Figure 7 , lifetime values as small as 0.20 -0.34 ns can be measured with good spatial resolution ( ~0.2 µm). In Table 1 , we report mean lifetime values; it should be noted that these samples have been reported to have multi-exponential decays. 20 Figure 8 shows the multiphoton image, FLIM image and lifetime histogram of a fixed specimen of baby hamster kidney (BHK) cell expressing mitochondriallytargeted enhanced cyan fluorescent protein (mECFP). As it can be seen from the figure, the lifetime image displays good spatial and temporal resolution and the accompanying lifetime histogram shows a relatively narrow distribution of lifetimes around the mean value (~2.8 ns).
This value agrees well with values obtained earlier for the same probe. 21 It has been previously observed that lifetime measurements of ECFP yielded a two component-lifetime. 21 Exponential interpolation did demonstrate two lifetimes ( ~2.9 and 2.2 ns); however, here, we assume a single exponential decay for ECFP in our analysis and figure 8 shows the mean lifetime histogram of single component fitting. We also measured the mean lifetime of enhanced green fluorescent protein (not shown) expressed in the cytosol of BHK cells. This value was also in very good agreement with literature reports of lifetime values of 2.8-3.0 ns for the same probe. 22 As the fluorescent proteins are gaining reputation as non-invasive intracellular probes for a variety of biological phenomena, the fluorescence lifetime measurements of these probes in different cellular environments will be vital for understanding both the photophysical properties of the probe as well as the biological phenomena in living cells.
In conclusion, we report here the development and detailed calibration of a multiphoton fluorescence lifetime imaging system using a streak camera. The present system is versatile with high spatial and temporal resolution allowing rapid data acquisition as well as reliable and reproducible lifetime determinations. We demonstrate the applicability of the system to cellular specimens and the lifetime values we obtain agree very well with those reported in the literature.
The system holds promise as a reliable tool to investigate a number of biological phenomena more accurately than the conventional intensity-based microscopy methods as well as the other 
Table 1 Legend
The standard solutions were prepared by dissolving the dye powders in different solvents and diluted stocks were prepared for calibration. Calculated lifetime values did not change with the concentration of the dye in the nominal range of a few hundred nM to a few hundred µM. All the measurements were carried out at 200 µM concentration for system calibration. Raw streak images were obtained and the mean lifetimes were calculated by the methods described in the text. Monoexponential decays were assumed for all the calibration samples as reported in literature and the values reported here are all mean lifetime values. Standard deviations were obtained by fitting the lifetime histograms to normal distribution. 
